Background. Myocardial stretch and increased ventricular filling can lead to increased rates of myocardial protein synthesis. In animal studies, left ventricular mass increases after pericardiectomy,
Methods and Results. Twenty-five patients with normal left ventricular ejection fraction without active myocardial ischemia underwent Doppler and quantitative two-dimensional echocardiography 1 day before and 6 weeks and 7 months after elective coronary artery bypass surgery. The pericardium was left widely incised in all patients. Left ventricular end-systolic volume, end-diastolic volume, stroke volume, ejection fraction, end-systolic circumferential wall stress, and mass were measured. Left ventricular end-diastolic volume index increased from 51±11 mL/m2 to 62±14 mL/m2 (p<0.05) at 6 weeks and to 66± 14 mL/m2 (p<0.05 versus baseline, p=NS versus 6 weeks) at 7 months. Left ventricular mass index increased from 109±23 g/m2 to 127±24 g/m2 (p<0.05) at 6 weeks and to 131±23 g/m2 (p<0.05 versus baseline, p=NS versus 6 weeks) at 7 months. There were no changes in systolic or diastolic blood pressures, end-systolic circumferential wall stress, or end-systolic volume.
Conclusions. Patients with normal left ventricular ejection fraction develop increases in left ventricular end-diastolic volume and mass after coronary artery bypass surgery. These findings support the hypothesis that the increase in left ventricular end-diastolic volume associated with thoracotomy and pericardiotomy leads to myocardial growth and an increase in left ventricular mass. (Cimulation 1993; 87:1921 -1927 KEY WORDs * bypass surgery * echocardiography * hypertrophy
Jn animal models, the intact pericardium restricts cardiac chamber dilation and can reduce the ability to increase stroke volume. [1] [2] [3] [4] [5] [6] [7] [8] [9] In open-chest dogs at low normal cardiac volumes, this effect is most likely relatively small. At volumes approaching the high end of the physiological range, the left ventricular end-diastolic pressure-volume relation clearly shifts downward and to the right after pericardiectomy; this effect becomes marked at supranormal volumes. The in situ pericardium has a number of attachments to adjacent structures. In closed-chest dogs, the influence of the pericardium on filling may differ from open-chest conditions,10'1' suggesting that these attachments, along with the fact that the heart and pericardium are enclosed within the cardiac fossa, modify the pericardial effect on filling.
Investigations of the effect of the pericardium on cardiac function in human subjects have been very limited and thus far confined to the operating room. One study using radionuclide-derived volumes and the pulmonary capillary wedge pressure as a measure of left ventricular filling pressure failed to demonstrate any significant acute effect of pericardiotomy on diastolic compliance or left ventricular function curves in the normal heart.12 In contrast, other investigators13"4 using flat balloons to measure pericardial pressure have reported that the normal pericardium contributes significantly to intracavitary filling pressures. Janicki'5 studied patients with chronic, dilated heart failure and found that right and left heart filling pressures increased with a one-to-one relation during moderate exercise. This pattern of equal increases in filling pressure was correlated with both an abnormal plateau in stroke volume and the onset of symptoms.'5 These data suggest that these subjects were more dependent on dilation of the heart during exercise to maintain stroke volume, a mechanism that could be blunted to the extent that the pericardium and its associated effects on ventricular interaction limit dilation of the cardiac chambers. However, these results cannot necessarily be extrapolated to normal subjects.
Muscle bath and isolated heart experiments indicate that myocardial stretch and increased ventricular filling can lead to an increased rate of myocardial protein synthesis. ' 
Doppler Echocardiograms
Pulsed-wave Doppler sampling of transmitral flow was recorded from the apical four-chamber view with the sample volume located below the mitral valve annulus and above the leaflet tips (parallel to flow). Transmitral Doppler velocity flow profiles were digitized and analyzed. A minimum of three spectral envelopes were analyzed and averaged for each measurement. Modal peak velocities (E velocity and A velocity) and velocity time integrals were calculated. The early
The atrial filling fraction (AFF) was defined by VTI A/(VTI E+VTI A).
Statistical Analysis
All data are presented as mean+1 SD. Comparisons between patients before and at different intervals after bypass surgery were performed by repeated-measures ANOVA with and without covariates. A trial by group interactions of the ANOVA within the repeated-measures structure was used to explore the effects of a history of myocardial infarction as well as postoperative discontinuation of p-blocker or calcium channel antagonist. In cases where significant F values were detected, the Student-Newman-Keuls test for multiple comparisons was used to identify significant differences for each variable. Differences were considered significant if the null hypothesis could be rejected at the 0.05 probability level.
Results

Patients
Patients included 17 men and eight women whose mean age was 62+ 11 years (range, 33-78). All patients returned for 6-week and 7-month examinations. At the time of the baseline examination, 24 (96%) were taking antianginal medications, including nitrates (n = 11), P-blockers (n = 16), and calcium channel antagonists (n=13). At the 6-week study, 12 patients (48%) were taking antianginal medications. These included p-blockers (n= 12) and calcium channel antagonists (n= 1). At the time of the 7-month examination, seven patients (28%) were taking a p-blocker and one was taking a calcium channel antagonist.
The mean hematocrit decreased from 39.8±4.8% before surgery to 35 Figure 1 ) and mass indexes (17%, Figure 2 ). The end-systolic volume index (Figure 3) did not change significantly. End-systolic circumferential wall stress did not change at 6 weeks or 7 months. There was an initial values. There were no significant interval changes between the 6-week and 7-month studies. When patients with myocardial infarction within 2 months of bypass were excluded, there were no significant changes in overall results. As was the case for systolic and diastolic blood pressures, no interactions between discontinuation of medications and ejection fraction were detected. In addition, the serial increases in left ventricular mass and mass index were not influenced by a history of myocardial infarction (Figure 4 ) or medication discon- tinuation ( Figure 5 ). Left which was significantly greater than that recorded before surgery but returned to baseline at 7 months ( There is no prior information available regarding the immediate or chronic effects of pericardiotomy or pericardiectomy on ventricular volume in human subjects. Left ventricular volume changes immediately after acute closure of a pericardiotomy have been described in human subjects,25,26 however, these intraoperative observations cannot be extended to postoperative patients with closed chests. The effects of reclosing a pericardium that has been traumatized in the operating room are not necessarily the reverse of opening the pericardium. Furthermore, the in situ heart and pericardium are enclosed within the cardiac fossa, consisting of the lungs, mediastinal structures, and bony thorax. These surrounding structures influence the interactions between the pericardium and the ventricles.10'11
Crawford et a127 used biplane two-dimensional echocardiography to study closed-chest dogs before and after pericardiectomy. They detected significant increases in end-diastolic volume after pericardiectomy. The follow-up period was relatively brief (2 weeks), and left ventricular mass was not measured. Left ventricular mass has been reported to increase in rats after pericardiectomy,18'19 but in both of these studies pericardiectomy was combined with exercise. Perhaps the best evidence of a physiologically meaningful restraining role in closed-chest animals is that pericardiectomy results in an increased maximal cardiac output during exercise in dogs. 9 Mangano et a112 used first-pass radionuclide angiography and pulmonary capillary wedge pressure measurements to assess left ventricular systolic function and diastolic compliance in 15 patients intraoperatively before and immediately after pericardiotomy during coronary artery bypass surgery. The pericardium did not have a significant effect on systolic function curves. As in the present investigation, end-systolic volume did not change after pericardiotomy. End-diastolic volume index increased to a degree that approached but did not achieve statistical significance, possibly because of the small sample size. Using this methodology, diastolic compliance was not significantly different before and after surgery.
In the present investigation, we detected no significant changes in Doppler indexes of diastolic function with the exception of the peak atrial velocity, which increased at 6 weeks compared with preoperative values but normalized by the end of the study. Left ventricular ejection fraction increased slightly but significantly during the follow-up period. The trial by group interactions of the ANOVA demonstrates that this increase was not related to the reduced use of P-blockers and calcium antagonists during the follow-up period. Therefore, the mechanism of the increase in ejection fraction must be related to alterations in either the intrinsic contractile performance of the left ventricle or loading conditions. Since we selected patients with stable coronary disease, it seems unlikely that an improvement in blood flow resulting in reversal of "stunned" or "hibernating" myocardium was the mechanism. It is also unlikely that significant surgically related neurohumoral changes were still present 7 months after surgery. With respect to altered loading conditions, ejection fraction is sensitive to both preload and afterload. End-diastolic volume increased; however, we have no way of knowing whether, in this chronic situation, preload was increased at the sarcomere level. Thus, increased preload is a potential explanation. Our index of end-systolic wall stress did not change after surgery, suggesting that changes in afterload were not responsible for the increased ejection fraction. However, this is a relatively crude index of afterload, and we therefore cannot completely exclude this possibility.
Limitations
Although we specifically selected patients with normal systolic function and no active evidence of ischemia, we cannot exclude the possibility that other factors related to the bypass procedure besides the pericardiotomy may have influenced the volumes and masses recorded. Potential confounding factors include postoperative changes in intravascular volume, changes in pharmacological therapy, changes in coronary turgor, longitudinal effects related to recovery of hibernating or stunned myocardium subjected to subclinical ischemia, neurohumoral changes, and variations in postoperative patterns of exercise.
While and by potential distortion of the cardiac fossa, which could diminish the reproducibility of quantitative echocardiographic measurements. Furthermore, few of these patients undergo a median sternotomy.
Although studying patients undergoing percutaneous angioplasty would allow us to examine the independent effects of revascularization and to assess the effect of increased physical activity after revascularization, it is unlikely that the modest amounts of regional hypertrophy that might be expected if revascularization itself induces growth would be detectable using the methodology used in this investigation. As a way to determine whether revascularization itself influenced the hypertrophy we detected, we compared left ventricular mass index in those patients having three-vessel bypass (n = 10) with those having one-or two-vessel bypass (n= 15). Preoperative and 7-month values were virtually identical in the two groups, increasing from 108± 20 g/m2 to 129±21 g/m2 in the three-vessel group and from 112+27 g/m2 to 133±25 g/m2 in the one-and two-vessel groups. Thus, the extent of revascularization did not appear to influence the amount of hypertrophy. Thus, although it appears to be unlikely that any of these factors contributed to our findings, these data must nonetheless be interpreted in light of the fact that we did not have an appropriate control group with which to compare our results.
Conclusions
This study describes the changes in left ventricular volume, ejection fraction, and mass over 7 months in 25 
